electrochemical,
6 spectroscopic, 7 capillary electrophoresis, 8 chemiluminescence 9 and chromatographic detection 10 approaches. However, some of the detection strategies either involve the use of synthetic probes that are not easily accessible by other groups, the formation of hydrogen cyanide (HCN), or inherit shortcomings such as low sensitivity, poor reproducibility, and limited selectivity. Further, most of these techniques, while they may well be great analytical tools in a laboratory setting, are generally not suitable for field detection of environmental cyanides due to the requirement of additional reagents and tedious sample pretreatment or measurements.
Here we present a unique approach that employs a non-resonant Raman scattering detection of cyanide after its retention by semiconducting cuprous iodide (CuI) thin films.
In this study, CuI thin films with a variety of thickness ranging from 100 nm to 1mm were deposited on the silicon wafer slides by thermal evaporation, and characterized by SEM and XRD. † Elongated grains with sizes ranging from 20 nm to 1 mm were observed in SEM images of CuI on silicon slides. As demonstrated in Fig. 1 ). Both CuI and CuCN are essentially insoluble in water, this property makes our approach especially advantageous in determining cyanide contents in complex matrices such as industrial waste water and mining reservoirs etc. Raman spectroscopy is well known for its specificity in chemical and biological analyses, and offers some distinct advantages over other spectroscopic methods such as fluorescence and infrared spectroscopy. The vibrational information provided by Raman spectroscopy is very specific for chemical bonds and thus for unique structures in molecules; it can therefore provide an optical fingerprint used to identify a molecule.
11 As shown in Fig. 2A , the Raman spectra of cyanide are dominated by an intense, broad peak at 2171 cm À1 attributed to the ChN stretch. This same mode occurs at 2080 cm À1 in Raman spectra of cyanide solutions, and the frequency shift in Raman spectra is attributed to a strong surface interaction between copper(I) and cyanide. CuCN salt is known to be a white powder, and it does not absorb light in the visible region (400-800 nm), as a matter of fact, it only has two distinct absorbance peaks at 237 nm and 208 nm, respectively.
12 The excitation source we used in our Raman measurements is a He-Ne laser (633 nm), hence our observed signals were strictly coming from non-resonant Raman scattering.
While , it has been well established that the distribution of these complexes at equilibrium is highly dependent upon the CN/Cu molar ratio.
12
In our case, we were dealing with cyanide ions at ppb to ppm levels, hence, there will not be any excessive cyanide available to form any compounds with higher complexes such as Cu(CN) 4 3À beyond CuCN. This point was also supported by the Raman data we presented, whereby the single cyanide stretching line at 2171 cm
À1
indicates that there is only one copper cyanide complex (i.e., CuCN) is present, which agrees well with a previous report.
13
Peak intensities of the characteristic ChN stretching at 2171 cm
À1
were used for the quantitative evaluation of cyanide. For a single experimental run, Raman scattering was performed on multiple spots on several cuprous iodide films, which were evaporated at the same time, after dipping them into cyanide solutions of different concentrations for 5 min (while stirring). All Raman spectra were obtained on a Renishaw InVia Raman microscope equipped with an ultra low noise charge-couple device (CCD) detector. † In this system, 632.8 nm radiation from a Helium-Neon laser was used with an excitation power of $50 mW. Signal collection is performed at 180 with respect to the incident laser beam. The Raman spectral region of interest for cyanide, 2050-2250 cm
, was recorded using a 30-s integration time, and 3 accumulations. The calibration curve for potassium cyanide (KCN) was obtained using 0.25, 0.50, 1 and 10 ppm concentrations (Fig. 2B) . Each evaporated CuI thin film substrate from the same batch was immersed in a 200-mL Erlenmeyer beaker containing cyanide solutions for 5 min while stirring. Each data point represents the average of triplicate measurements from the same CuI thin film after reacting with the same cyanide solution, with 1s standard deviation. A nice linear response was found within the concentration range from 250 ppb to 10 ppm. The limit of detection was determined to be $100 ppb from 3s standard deviations above the background. In summary, we present here the use of cuprous iodide thin films which were evaporated on silicon wafer slides as a capturing element for the direct detection of cyanide without sample pretreatment. The copper(I) ions react with CN À ion, and the resulting CuCN can be easily detected by normal (non-resonant or surface-enhanced) Raman scattering. Even lower detection limit can be expected to achieve by varying the coating thickness of CuI, or the integration of silver nanostructure-based surface-enhanced Raman scattering, as well as increasing the incubation time with the cyanide-containing solutions. Coupled with portable Raman instruments, 14 our approach can be easily adapted to be used for the field monitoring of aqueous free cyanide.
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